Objective: Despite evidence that estrogens and insulin are involved in the development and progression of many cancers, their synergistic role in endometrial carcinoma (EC) has not been analyzed yet.
Introduction
Endometrial cancer (EC) is the most common gynecological malignancy in developed countries, with growing incidence worldwide. In 2016, EC was diagnosed in 63,400 patients and accounted for > 21,800 deaths in China 1 , exceeding those in the USA 2 . Nonetheless, EC etiology and pathogenesis remain poorly defined, and molecular mechanisms underlying EC tumorigenesis are not well understood.
Estrogens exert their biological effects primarily by binding and activating estrogen receptors (ERs), a steroid hormone receptor family member primarily acting as a ligandactivated transcription factor [3] [4] [5] . Molecular activities of estrogen are complex and include both ERs-mediated genomic and non-genomic processes, which converge on target genes, and are executed via estrogen-receptor mechanisms, estrogen-non-receptor mechanisms, ERs-ligand mechanisms, and ERs-non-ligand mechanisms 6, 7 . ERs regulate transcription by interacting with estrogen response elements (EREs) located within the promoter regions of target genes, forming a multiprotein complex involved in specific genomic actions of the ERs 4 . Furthermore, increasing evidence has suggested that biological responses to estrogens can be mediated by membrane-initiated signals, which trigger rapid intracellular transduction pathways, such as the phosphoinositide 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways.
Notably, while estrogen can promote cancer progression via both ERs-and ERs-ligand-dependent mechanisms, this hormone can also mediate cancer progression through nonestrogen-receptor dependent mechanisms, including interactions with growth factor receptors, such as insulin-like growth factor receptor (IGFR) and epidermal growth factor receptor. Furthermore, ERs have been shown to interact with insulin-like growth factor (IGF) and promote cancer progression through an ER-non-ligand mechanism 8 . These studies indicated that crosstalk may occur between estrogen and IGF signaling pathways. With respect to promotion of cancer progression, estrogens have generally been found to stimulate EC cell proliferation; however, the mechanism by which estrogens regulate cancer cell proliferation is also fairly complex.
In our previously study, we showed that estrogen and insulin concentrations in serum were significantly increased in EC patients than those in controls, meanwhile high levels of estrogen and insulin were independent risk factors for EC 9 . Although estrogens and insulin are synergistically involved in many cancers, the molecular mechanisms underlying their synergistic influence on EC tumorigenesis are not well understood. Our previous studies have shown that insulin acts as a growth factor that promoted EC cell proliferation and inhibited apoptosis via PI3K/Akt and Ras/MAPK pathways 10, 11 . Insulin and IGF-1 belong to the same family, but most studies have focused on IGF-1 12, 13 . Notably, many studies have indicated that the ER-α and IGF-1R system share bidirectional crosstalk. In breast cancer, ER-α regulates the IGF-1-dependent pathway and IGF-1 activates ER-α-mediated signaling in a ligand-independent manner 14 . Similarly, IGF-1 induces phosphorylation of ER-α, which mimics the effects of estrogen-initiated receptor activation, leading to important biological effects in diverse cellular contexts 8, 15 . Given the apparent interplay between ER and IGF-1R and the corresponding network of extensive interactions during EC 14, 16 , a deeper understanding of mechanisms by which ER and the insulin systems cooperate during EC development would be highly relevant in the development of novel pharmacotherapeutic strategies. However, to our knowledge, no studies have been published examining interactions between ER-α signaling and insulinmediated signaling in EC. In the present study, we established the Ishikawa human endometrial cancer cell line and ECC-1 epithelial adenocarcinoma cell lines with stable knockdown of ER-α and/or insulin receptor-β (InsR-β) to elucidate the mechanisms underlying the effects of estradiol and insulin on EC in vitro and in vivo.
Materials and methods

Regents, kits, drugs, and antibodies
Human recombinant insulin, RIPA cell lysis buffer, protease inhibitors (including phenylmethylsulfonyl fluoride, leupeptin, and aprotinin), and dimethyl sulfoxide solutions were purchased from Sigma-Aldrich (St. Louis, MO, USA). Propidium iodide and RNase A were obtained from Dingguo Biotechnology (Beijing, China). Puromycin (Sigma-Aldrich) was used to identify cells with stable InsR-β and ER-α knockdown. The in situ cell death detection kit used for TUNEL assays was purchased from Roche (Basel, Switzerland); the number of apoptotic cells in EC xenograft tissues was assessed according to the manufacturer's instructions. The BCA Protein Assay Kit was used to quantify total protein and the Enhanced Chemiluminescence Detection Kit was obtained from Pierce Biotechnology (Waltham, MA, USA), and the Annexin V-FITC/PI Apoptosis Detection Kit was purchased from BD Biosciences (San Jose, CA, USA). Matrigel, fibronectin, estradiol, InsR-β shRNA lentiviral particles, ER-α shRNA lentiviral particles, non-targeting shRNA control particles, and polybrene pellets were purchased from Sigma-Aldrich. InsR-β-, ER-α-, cyclin D1-, Ki-67-, and β-actin-specific antibodies and peroxidaseconjugated goat anti-rabbit IgG secondary antibodies were obtained from Santa Cruz Biotechnology (Dallas, TX, USA); antibodies against ERK, phosphorylated (p)-ERK (Thr202/Tyr204), Akt, p-MAPK (Ser217/221), and p-Akt (Thr473) were purchased from Cell Signaling Technology (Danvers, MA, USA).
Cell lines and animals
Ishikawa and ECC-1 human EC cell lines were obtained from the MD Anderson Cancer Center (TX, USA). The immunodeficient female BALB/c-nu mice (5-6 weeks old, 12-13 g each) were used for in vivo experiments [production permit no. SCXK (JING) 2014-0004] and were purchased from Beijing HFK Bioscience Co. (Beijing, China). All animal experiments were performed under standard guidelines approved by the State Key Laboratory of Experimental Hematology [license no. SYXK (JIN) 2009-0002], and all procedures were conducted with the approval of the ethics committee on animal care of the Tianjin Medical University General Hospital. Eighteen mouse groups were utilized for this study with five mice (n = 5) per group.
Cell culture
Cells were grown in Dulbecco's modified Eagle's medium without phenol red (Gibco, Grand Island, NY, USA) and supplemented with 10% (v/v) fetal bovine serum (Gibco). Cells were incubated at 37 °C in a humidified atmosphere containing 5% CO 2 . Assays were performed as described previously 10, 11 . Cells were cultured under serum deprivation condition when adding insulin and/or estradiol in some experiments.
Lentivirus-mediated silencing of ER-α and InsR-β
Small hairpin (sh) RNA viral vectors containing a sequence targeting either InsR-β or ER-α and puromycin resistance sequence, for selection of stable clones, were used to infect Ishikawa cells and ECC-1 cells. Sequences used to target InsR-β and ER-α were as follows: InsR (TRCN0000000379), 5'-CCG GGC TCT GTT ACT TGG CCA CTA TCT CGA GAT AGT GGC CAA GTA ACA GAG CTT TTT-3'; and ER (TRCN0000003300), 5'-CCG GCT ACA GGC CAA ATT CAG ATA ACT CGA GTT ATC TGA ATT TGG CCT GTA GTT TTT-3'. Viral infection was performed by incubating the cells in culture medium containing lentiviral particles for 24 h in the presence of 5 μg/mL polybrene 17, 18 . Cells resistant to puromycin (2 μg/mL) were harvested and stored for further analysis.
BrdU cell proliferation enzyme-linked immunosorbent assay (ELISA)
Effects of insulin and estradiol on cell growth and proliferation were examined using a BrdU Cell Proliferation ELISA, as described previously 11 . Briefly, InsR-β (+/−) and ER-α (+/−) Ishikawa cells and ECC-1 cells were treated with a combination of insulin and estradiol, both at concentrations of 10 -8 M, for 24, 48, or 72 hours prior to measurement 11 .
Cell cycle analysis
Cell cycle distribution of InsR-β (+/−) and ER-α (+/−) Ishikawa cells and InsR-β (+/−) and ER-α (+/−) ECC-1 cells was evaluated via flow cytometry. 5 × 10 6 cells were treated with insulin and/or estradiol for 24, 48, or 72 hours, after which they were collected, washed with cold phosphate buffered saline (PBS), and fixed in ice-cold 70% ethanol. The samples were then stored at -20 °C for 24 to 48 hours. Before analysis, the cells were washed with cold PBS, and then, suspended in PBS solution containing 0.1% Triton-X and 30 mg/mL DNase-free RNase A (Sigma-Aldrich) for 30 minutes at room temperature. Propidium iodide was added at a final concentration of 10 μg/mL. The samples were then analyzed using a FACS Calibur instrument (BD Bioscience). Data were processed using BD Bioscience software. Data for at least 10,000 cells were collected for each sample. All experiments were repeated three times and the results are reported as mean ± standard error of the mean (SEM).
Annexin V-FITC/PI assay
Apoptosis levels were measured using an Annexin V-FITC/PI Apoptosis Detection Kit, according to the manufacturer's instructions and as described previously 10 
Hematoxylin and eosin (H&E) staining
Tumor tissues were fixed in 10% formaldehyde and embedded in paraffin. The tissues were then sectioned (4 μm thickness) and stained with H&E according to standard procedures 19 .
Immunohistochemistry (IHC) and Western blot analysis
IHC and Western blot analyses were performed as described elsewhere 10, 20 . For IHC, after primary antibody binding, peroxidase-conjugated goat anti-rabbit antibody IgG was bound as a secondary antibody. Tissue sections were then stained with diaminobenzidine (ZSGB-BIO, ZLI-9031), counterstained with hematoxylin (ZSGB-BIO, ZLI-9643), and examined under a light microscope (CKX41; Olympus Corp., Tokyo, Japan). Western blot band intensities were determined by densitometry analysis using the Image J software (National Institutes of Health, Bethesda, MD, USA), and the results were expressed either as the ratio of target protein to β-actin or as the ratio of the phosphorylated form of a protein to the total amount of that protein.
Establishment of mouse models of estradiol and insulin deficiency
The estradiol deficient mice group was generated by bilateral ovariectomy, per standard surgical procedures 21 , at least 1 week prior to EC cell inoculation. Meanwhile, insulin deficiency was induced via intraperitoneal injection of streptozotocin (STZ) dissolved in citrate buffer (adjusted with citric acid to pH 4.5). The total dose of STZ was 200 mg/kg of body weight. Body weights were recorded for all mice prior to and following STZ injection, and random blood glucose levels were measured using a glucometer (Roche). Diabetes was defined in the insulin deficiency group as having a random blood glucose reading of > 16.7 mM for three continuous days at 72 hours after injection of STZ. Similarly, the insulin and estradiol deficiency group was generated according to the methods described above. Mice were first rendered estradiol-deficient, and then, administered intraperitoneal injections of STZ. 
Tumor growth assay
Statistical analysis
Experimental results were expressed as the means ± SEM of results from at least three independent experiments. Multiple comparisons were analyzed using Wilcoxon's rank test or one-way analysis of variance (ANOVA). Subsequently, the least significant difference test was adopted if variances were equal, and Tamhane's T2 test was used if the variances were unequal. Statistical significance was assumed at P < 0.05. All calculations were performed using SPSS 13.0 software (SPSS Statistics, Inc., Chicago, IL, USA).
Ethical approval
The study protocol was approved by the Ethics Committee of Tianjin Medical University General Hospital. 
Results
Estradiol and insulin synergistically activate the phosphorylation of Akt and ERK1/2
Previous studies have demonstrated that the PI3K and MAPK pathways are involved in EC cell proliferation, cell cycle, and apoptosis 10, 11 . Accordingly, we first investigated whether estradiol exerts its effects on EC via these two pathways. Following estradiol stimulation of EC cells over 15, 30, 60 , and 120 minutes, we assayed for phosphorylation of key proteins in these pathways. Our data showed that phosphorylation of AKT and ERK reached their peaks in both Ishikawa and ECC-1 cells at 60 minutes poststimulation ( Figure 1A and 1B).
As insulin has also been shown to promote cell proliferation via the Akt and ERK pathways 10,11 , we next examined whether insulin and estradiol could synergistically activate the PI3K and MEK signaling pathways. As shown in Figure 1C and 1D, the p-Akt/Akt ratio was significantly increased in cells treated with a combination of both insulin and estradiol compared to that in untreated cells or cells treated with either insulin or estradiol alone. In addition, estradiol and insulin synergistically induced MEK and ERK phosphorylation in cells treated with both, compared with cells that either underwent treatment with insulin or estradiol alone or no treatment (P < 0.05; Figure 1C and 1D). These results indicated that estradiol and insulin synergistically activate the PI3K and MEK pathways in EC cells.
Estrogen promotes EC cell progression via InsR to activate the PI3K and MAPK pathways
Notably, our results showed that estradiol significantly enhances InsR and InsR substrate (IRS)-1 phosphorylation in Ishikawa cells (P < 0.05; Figure 2A ) and ECC-1 cells (P < 0.05; Supplementary Figure S1 ). We, therefore, speculated that InsR may play an important role in the overall mechanism by which estradiol promotes EC progression. To validate this hypothesis, we knocked down the expression of InsR in EC cells (Figure 3 ). In our previous study, we found that there were no significant changes in cell proliferation and the percentage of apoptotic cells in control EC cells with non-target shRNA interference compared to the cells without any shRNA 10, 11 . Therefore, in this study, we used EC cells with Non-target shRNA interference as the control group. Notably, the InsR knockdown Ishikawa cells (sh-InsR) exhibited significantly reduced levels of estradiol-induced proliferation, compared to the sh-control-treated cells (P < 0.05; Figure 2B ). Moreover, compared to the sh-control cells, there were fewer sh-InsR cells in the S phase (P < 0.05; Figure 2C ) but a higher number of apoptotic cells (P < 0.05, Figure 2D ), after estradiol treatment. Finally, although estradiol mildly induced Akt, MAPK, and ERK phosphorylation after InsR knockdown, compared with the sh-control, the difference was not statistically significant (P > 0.05, Figure 2E and 2F). Similar results were also obtained for ECC-1 cells (Supplementary Figure S2) . Together, these results suggested that estradiol might activate the PI3K and MAPK pathways via interaction with InsR, thereby promoting EC cell progression. 
Insulin promotes EC cell progression via ER to activate the PI3K and MAPK pathways
Our previous study demonstrated that insulin promotes EC cell progression via InsR and activates the PI3K and MAPK pathways 10, 11 . Here, we further elucidated these results by investigating whether insulin might also act through ER, resulting in PI3K and MAPK pathway activation. After knockdown of ER (Figure 3) , there was reduced insulinmediated EC cell proliferation (P < 0.05; Figure 4A ) and fewer cells in S phase (P < 0.05; Figure 4B ), compared with the sh-control group. Conversely, ER-knockdown cells exhibited significantly higher levels of apoptosis after 24 hours of insulin stimulation than did the control cells (P < 0.05; Figure 4C ). Finally, while ER-knockdown cells exhibited mild induction of Akt, MAPK, and ERK phosphorylation after insulin stimulation, compared with the sh-control cells, this difference was not statistically significant (P > 0.05; Figure 4D and 4E). Similar results were also obtained for ECC-1 cells (Supplementary Figure S3) . These results suggested that insulin might promote EC cell progression via interaction with ER, thereby activating the PI3K and MAPK pathways.
Notably, after dual knockdown of ER and InsR (Figure 3 ), estradiol and insulin exhibited minor effect on the proliferation of EC cells, compared with that observed in the sh-control group (P > 0.05; Figure 2B and 4A). Treatment with estradiol and insulin also yielded no significant increase in the proportion of sh-ER and sh-InsR-transduced cells in S phase (P > 0.05; Figure 2C and 4B) or in apoptosis after stimulation with estradiol and insulin for 24 hours, compared with control cells (P > 0.05; Figure 2D and 4C) . Finally, after knockdown of ER and InsR, estradiol and insulin treatment resulted in no significant induction of Akt, MAPK, or ERK phosphorylation, compared with that in the sh-control cells (P > 0.05; Figure 2E and 2F, Figure 4D and 4E, respectively). 
Effects and mechanism of action of insulin and estradiol on EC xenografts in nude mice
S h -(I n s R + E R ) S h -(I n s R + E R )+ E 2 Ishikawa cell proliferation (Brdu, OD450 nm) Our results therefore suggested that estradiol and insulin exerted a synergistic effect on the growth of xenografts, and that both ER and InsR played important roles in xenograft growth. Each of the xenograft tissues was subsequently analyzed by HE staining, IHC, TUNEL assay, and Western blot analyses. HE staining revealed that the xenografts exhibited solid tumor morphology, and their histopathology was interpreted as well-differentiated endometrial adenocarcinoma in all groups (Supplementary Figure S4) . InsR expression was almost completely undetectable in the sh-InsR and sh-InsR + ER groups, and ER expression was almost completely undetectable in the sh-ER and sh-InsR + ER groups (Supplementary Figure S4) . To understand the impact of insulin and estradiol on EC xenograft growth, we next analyzed the expression of the ubiquitous cell cycle marker, Ki67. Knockdown of either ER-α or InsR-β significantly reduced the number of Ki67+ nuclei ( Figure 5B and 5E,  Supplementary Figure S6) within xenograft tissues. The addition of estradiol to ER-α knockdown xenografts or insulin to InsR-β knockdown xenografts resulted in mild increases in the number of Ki67+ nuclei; however, these effects were not significantly different from those of the control ( Figure 5B and 5E, Supplementary Figure S6) . Conversely, ER-α knockdown xenografts stimulated with insulin and InsR-β knockdown xenografts stimulated with estradiol exhibited increased numbers of Ki67+ nuclei ( Figure 5D and 5E, Supplementary Figure S6) . Apoptosis of the xenografts was analyzed by TUNEL assay. Knockdown of either ER-α or InsR-β significantly increased the number of apoptotic cells (Figure 5C and 5F) . Whereas, the addition of estradiol to ER-α knockdown xenografts or insulin to InsR-β knockdown xenografts mildly decreased the number of apoptotic cells; however, these effects did not differ significantly from the control treatment ( Figure 5C and 5F) . Conversely, ER-α knockdown xenografts stimulated with insulin and InsR-β knockdown xenografts stimulated with estradiol exhibited decreased TUNEL signals ( Figure 5C and 5F).
Finally, we analyzed the effects of activation of insulin pathway and estrogen pathway on EC xenografts using Western blot. Insulin significantly induced ER-α phosphorylation, while estradiol significantly induced InsR-β and IRS-1 phosphorylation (P < 0.05; Supplementary Figure  S5) . Furthermore, co-treatment with insulin and estradiol resulted in significantly upregulated ER-α, InsR-β, IRS-1, Akt, MAPK, ERK, cyclin D1, and downregulated caspase-3 (P < 0.05; Supplementary Figure S5 ) in xenografts. Conversely, the expression levels of IRS-1, Akt, MAPK, ERK, cyclin D1 upregulated after treatment with insulin and estradiol were restored in InsR and/or ER knockdown xenografts. Notably, after ER and/or InsR knockdown, treatment with estradiol alone upregulated InsR-β, IRS-1, and the key downstream proteins-Akt, MAPK, and ERK-of the PI3K and MAPK signaling pathways (Supplementary Figure S5) .
Discussion
Synergistic combinations of estrogens and IGF-1 have been reported to contribute to breast cancer development and progression 22, 23 . These early reports yielded both
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ER-a β-actin epidemiological and cytological evidence of synergy between insulin/IGF and estrogen signaling systems. Briefly, elucidation of the mechanism of this synergistic effect is expected to identify two primary phenomena: i) estrogen signaling could act on insulin receptors and activate downstream pathways and ii) insulin signaling could simultaneously activate estrogen receptors.
Our previous study has shown that insulin promotes EC cell proliferation and inhibits cell apoptosis in a dose-and time-dependent manner 10, 11 . We subsequently demonstrated that estrogen promoted EC cell progression via InsR and, conversely, that insulin promoted EC cell progression via ER, providing preliminary evidence that insulin and estradiol synergistically influence EC growth and progression via these receptors. Moreover, we found that estradiol and insulin synergistically promoted EC cell proliferation, increased the proportion of cells in S-phase, and inhibited EC cell apoptosis, confirming the progression of EC cell development upon estradiol and insulin stimulation. Similar results were also obtained in a tumor xenograft mouse model. Notably, xenografts could not be established after EC cell injection into nude mice that had undergone ovariectomy to deplete estrogen or were deficient in insulin. These observations further indicated that estradiol and insulin have synergistic effects on EC development.
For transduction of insulin signals, insulin binds to the alpha subunit of its receptor resulting in the autophosphorylation of its beta subunit tyrosines. Consequently, InsR is activated, leading to activation of two signaling pathways, PI3K and MAPK. The family of insulin receptors consists of InsR, IGFR, and insulin receptor-related receptor, of which InsR and IGFR share a similar protein structure and biological function. Currently, studies related to the synergistic effects of estrogen signaling and insulin/IGF-1 signaling have been limited to breast cancer. In these studies, estrogens were shown to stimulate the expression of IRS-1, which resulted in an Ins/IGF-1 signal cascade and enhancement of its effect on cell proliferation 22, 23 .
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Non-target control Sh-ER Sh-(InsR+ER) Non-target control+Ins Sh-ER+Ins Sh-(InsR+ER)+Ins observed synergistic effects of estradiol and insulin in EC. The PI3K and MAPK pathways have been reported to regulate cell proliferation and apoptosis in colorectal, nonsmall cell lung, breast, and endometrial cancers [24] [25] [26] . In addition, we had previously showed that insulin alone exerts its effects in EC via the PI3K and MAPK pathways in doseand time-dependent manner 10, 11 . Here, we found that estradiol alone promoted cell proliferation, enhanced S phase distribution, and inhibited cell apoptosis in dose-and timedependent manner via the PI3K and MAPK pathways. Further studies on the molecular crosstalk between the insulin and estrogen signaling pathways revealed a complex network of interactions, some of which involve the ability of IGF-1 to activate ER-α 8 . In particular, the mechanism by which estrogens induce proliferation of breast cancer cells may involve the ability of ER to regulate the expression of growth factor signaling pathway components. For example, anti-estrogen drugs, such as tamoxifen, have been shown to inhibit IGF-mediated growth, while anti-IGF drugs have been shown to inhibit estrogen-mediated growth, suggesting that IGFs are partially responsible for estrogen-mediated signaling 15 . Estrogen also increases IGF-1R and IRS-1 expression levels in breast cancer cells, resulting in enhanced IGF signaling and downstream pathway activation 27 .
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Together, these studies indicated the existence of a crosstalk between IGF and ER to promote cancer progression.
In the current study, we found that estradiol activated InsR and IRS-1, while insulin promoted the phosphorylation of ER, which was consistent with the earlier findings obtained in breast cancer studies, as insulin and IGF-1 both belong to the insulin/IGF family 12, 13 . Additionally, we found that insulin and estradiol synergistically activated the PI3K and MAPK signaling pathway downstream proteins, Akt, MAPK, and ERK. Furthermore, after knockdown of ER, effects of promoting cell progression promoting effects of estradiol were reduced compared to the control. These results indicated that estrogen might signal via another receptor besides ER. To confirm this possibility, we knocked down InsR or both ER and InsR in EC cells and observed a significant reduction in the effects of estradiol and insulin on cell progression, compared to the control. Notably, after knockdown of both ER and InsR, PI3K and MAPK pathway activation in EC cells treated with estradiol and insulin was significantly reduced compared to the control. Therefore, we inferred that synergistic effects of estrogen and insulin on EC occur via ER and InsR, which in turn activate the PI3K and MAPK pathways. Additional investigations on the underlying molecular mechanisms of the possible interactions between insulin and estrogen and the potential molecules involved in EC progression are ongoing. Furthermore, in breast cancer MCF-7L xenografts, estrogen has been shown to regulate IRS-1 expression 28 . Specifically, when tumors were grown in the presence of estrogen, IRS-1 was not only expressed at a high level but was also phosphorylated. These tumors also contained high concentrations of phosphorylated MAPK, indicating an active signaling cascade involving IRS-1 29 . Thus, estrogenmediated upregulation of both IGF-1R and IRS-1 enhanced IGF-mediated signaling and might explain the observed synergy between the two ligands 5 . This phenomenon was also investigated in the current study, wherein we found that estradiol upregulated InsR and IRS-1 expression and activation in Ishikawa cell xenografts. The mechanism by which estradiol induces these effects likely involves several components of the complex crosstalk between the InsR and ER pathways. Additionally, estrogen clearly regulates the expression of both the IGF signaling components and the nuclear transcription factors that are necessary for IGF signaling 8 , and it also modulates the expression of cell cycle regulators, such as cyclin D1 30 . Notably, activation of ERK appears to be required for the induction of cyclin D1 expression in several types of cells [31] [32] [33] . Consistent with this conclusion, in this study, estradiol and insulin treatment upregulated cyclin D1 expression and synergistically promoted the growth of EC xenografts, whereas knockdown of ER-α or InsR-β significantly reduced the effects of estradiol and insulin on the growth of EC xenografts as well as the degree of activation of PI3K/Akt and MAPK signaling pathways.
The mechanisms responsible for synergy and crosstalk between estrogen and insulin in EC might involve activation of the PI3K/Akt and MAPK signaling pathways, downstream of both ER and InsR (Figure 6) . A better understanding of mechanisms underlying interactions between insulin and ER signaling might have clinical relevance and could reveal novel targets for therapeutic intervention. 
N o n -t a r g e tc o n t r o l N o n -t a r g e tc o n t r o l + E 2 S h -I n s R S h -I n s R + E 2 S h -( I n s R + E 2 ) S h -( I n s R + E 2 ) + E 2 N o n -t a r g e tc o n t r o l N o n -t a r g e tc o n t r o l + E 2 S h -I n s R S h -I n s R + E 2 S h -( I n s R + E 2 ) S h -( I n s R + E 2 ) + E 2 N o n -t a r g e tc o n t r o l N o n -t a r g e tc o n t r o l + E 2 S h -I n s R S h -I n s R + E 2 S h -( I n s R + E 2 ) S h -( I n s R + E 2 ) + E 2 P -I n s R / I n s R P -I R S -1 / I R S -1
Sh 
Cancer Biol Med Vol 16, No 1 February 2019
Percentage of Ki-67 expression level (%) n o n -t a r g e t -c o n t r o l n o n -t a r g e t -c o n t r o l + E 2 S h -I n s R S h -I n s R + E 2 S h -( I n s R + E R ) S h -( I n s R + E R ) + E 2 
